We are all familiar with acquiring skills during practice, but skill can also continue to develop between practice sessions. These "off-line" improvements are frequently supported by sleep, but they can be time dependent when a skill is acquired unintentionally. The magnitude of these over-day and overnight improvements is similar, suggesting that a similar mechanism may support both types of off-line improvements. However, here we show that disruption of the primary motor cortex with repetitive transcranial magnetic stimulation blocks off-line improvements over the day but not overnight. This suggests that a memory may be rescued overnight and subsequently enhanced or that different aspects of a skill, with differential dependencies on the primary motor cortex, are enhanced over day and overnight. Off-line improvements of similar magnitude are not supported by similar mechanisms; instead, the mechanisms engaged may depend on brain state.
Introduction
Motor skills are acquired during practice, and they can also continue to develop between practice sessions. These "off-line" improvements can develop over wake and sleep. A similar magnitude of improvement develops across these intervals when a skill is acquired unintentionally in a procedural sequence-learning task (Robertson et al., 2004a) . This suggests that a similar neural circuit may support off-line learning across these time intervals. Alternatively, changes in brain state across the interval may determine the circuit of brain areas that support off-line improvements.
The primary motor cortex (M1) is one area within a circuit of brain areas that has been implicated in the acquisition of motor skills during practice (Seidler et al., 2002) . After practice, the M1 continues to make an important contribution to procedural learning by playing a critical role in the stabilization of procedural memories (Muellbacher et al., 2002) . This stabilization is a form of procedural consolidation, which unlike off-line learning, does not produce a between-session skill improvement but instead makes a skill less susceptible to interference (Robertson et al., 2004b; Walker, 2005) . Whether the M1 also makes a critical contribution to off-line learning and whether intervening changes in brain state modify this contribution remain unknown.
Using transcranial magnetic stimulation (TMS) to disrupt the function of the M1, we explored the contribution of the M1 to off-line learning with (8 P.M. to 8 A.M.) and without (8 A.M. to 8 P.M.) intervening sleep. Participants acquired skill in performing a sequence of finger movements in the serial reaction time task (SRTT) (Nissen and Bullemer, 1987) . This task was introduced to participants as a test of reaction time. When described in this way, skill is acquired unintentionally, and there are off-line improvements over day and overnight (Robertson et al., 2004a) .
After skill acquisition either in the morning (8 A.M.) or the evening (8 P.M.), TMS was applied over the M1. By stimulating after skill acquisition, we ensured that only off-line processing, and not the initial encoding of the new skill, was affected by TMS (see Fig. 1 ). Skill was retested 12 h later. Performance during retesting was unlikely to have been influenced by any residual effect of TMS because these dissipate within ϳ10 min (Iyer et al., 2003; Robertson et al., 2003) . With two types of 12 h interval (over day, 8 A.M. to 8 P.M.; overnight, 8 P.M. to 8 A.M.) and two types of stimulation (sham and real), there were four groups of participants: (1) overnight/TMS, (2) overnight/sham, (3) day/ TMS, and (4) day/sham. To ensure that the effects of TMS on off-line learning over the day were temporally and spatially specific, we stimulated over the M1 2 h (day/TMS ϩ 2 h) after the first session, and in another group, we stimulated 25 mm anterior to the M1 (day/TMS ϩ 25 mm). In a final group, skill was retested 15 min after applying TMS to the M1 at either 8 A.M. or 8 P.M. This allowed the immediate effects of TMS on a procedural memory to be assessed.
Materials and Methods
Participants. Fifty individuals with no neurological or psychiatric conditions were recruited to this study. All were naive to the purpose of this institutional review board-approved study, all gave informed consent for the study, and all met the additional safety criteria for repetitive TMS (rTMS) (Wassermann, 1998) . At the end of the study, six participants were removed from additional analysis because they were able to recall, in a free recall test, more than four items of the 12-item sequence of finger movements. This greater-than-chance recall suggests that these participants had become aware of acquiring a new skill (Goedert and Willingham, 2002) , which can prevent the development of off-line improvements over the day (Robertson et al., 2004a) . Thirty-six participants (20.8 Ϯ 2.5 years of age; 19 male) were distributed randomly and equally among six off-line groups (see Fig. 1 ). The remaining eight participants (19.9 Ϯ 1.4 years of age; five male) were distributed equally between two groups. These additional groups were designed to assess the immediate effect of TMS on a procedural memory.
Experimental design. Performance in a sequence learning task (see below) was measured before and after a 12 h interval (see Fig. 1 A) . This interval either did (8 P.M. to 8 A.M.) or did not (8 A.M. to 8 P.M.) include sleep. After participants had learned the sequence of finger movements (see Fig. 1 A, session 1) , TMS or sham stimulation was immediately applied to the M1. Previous studies have suggested that a procedural memory is probably most susceptible to the effects of TMS immediately after its encoding (Muellbacher et al., 2002; Baraduc et al., 2004) . With two interval types (sleep or no sleep) and two types of stimulation (TMS or sham), there were four groups: (1) overnight/TMS, (2) overnight/sham, (3) day/TMS, and (4) day/sham. All overnight participants kept a sleep log. There were two additional day groups. Immediately after sequence learning, TMS was applied 25 mm anterior to the M1 (day/TMS ϩ 25 mm); and in a final group, TMS was applied to the M1, 2 h after (day/TMS ϩ 2 h) participants had learned the finger-movement sequence (see Fig. 1 B) . These groups were designed to demonstrate that the effects of TMS were spatially and temporally specific. In two final groups, skill was retested 15 min after TMS had been applied to the M1 at either 8 A.M. or 8 P.M., allowing the immediate effect of TMS on skill to be accessed. This design allowed the effects of TMS on time-dependent skill improvements to be examined without affecting the initial encoding or later retrieval of the finger movement sequence (see Fig. 1 B) . The initial acquisition of the finger-movement sequence was not affected by TMS because stimulation was applied after training. At retesting, the primary neurophysiological effects of stimulation will have dissipated (Chen et al., 1997; Iyer et al., 2003; Robertson et al., 2003) .
Procedural-sequence learning. A modified version of the SSRT (Nissen and Bullemer, 1987) was used to guide the acquisition of a fingermovement sequence. A solid blue circular stimulus (diameter, 20 mm; viewed from ϳ800 mm) appeared on a monitor at one of four possible positions within an equally spaced horizontal array. The presentation of each stimulus was controlled by a computer using software designed specifically to record response times (Superlab; Cedrus, San Pedro, CA). Each of the four possible positions corresponded to one of the four buttons on a response pad (RB-410; Cedrus), on which the participants' fingers rested. When a target appeared, participants were instructed to respond by pressing the appropriate button on the pad as quickly and as accurately as possible. Participants responded using the fingers of their preferred hand [Edinburgh questionnaire (Oldfield, 1971) ]. Having made the correct response, the cue on the screen disappeared and was replaced by the next cue after a delay of 400 ms. If the participant made an incorrect response, the stimulus remained until the correct button was selected. The task was described to participants as a test of reaction time; however, the position of each cue followed a regular and repeating 12-item pattern (2-3-1-4-3-2-4-1-3-4-2-1).
Participants unintentionally learned this sequence of finger movements during the first session and were retested on the same sequence during the second session (see Fig. 1 A) . The first session consisted of three blocks: a training block sandwiched between two test blocks. Later, during the second session, participants performed a single test block (see Fig. 1 A) . The training block had 25 repetitions (300 trials) of the 12-item sequence. The two test blocks had only 15 repetitions (180 trials). These were designed to probe participants' skill before (Skill 1 ) and after (Skill 2 ) the 12 h interval, giving them little opportunity to acquire additional skill during either test block (Robertson et al., 2004a ). When participants are tested and then later retested 15 min later on the test blocks, there is no significant increase in their skill (Robertson et al., 2004a) . These blocks are, therefore, not sufficient to support skill acquisition; instead, they probe skill before and after the time interval between sessions.
Fifty random trials preceded and followed the sequential trials in the training and test blocks (see Fig. 1 A) . Within these random trials, there were no item repeats, and each item had approximately the same frequency of appearance. Each of the groups used the same set of random trials. After retesting, a participant's awareness for the underlying sequence was assessed using a free-recall test. Awareness was defined as correctly recalling more than four consecutive items of the sequence (Willingham and Goedert-Eschmann, 1999) . All participants who recalled five or more items were removed from subsequent analysis.
Transcranial magnetic stimulation. Stimulation was delivered using a Magstim (Whitland, Wales, UK) Super Rapid stimulator. The position of the M1 was defined by finding the location where the lowest intensity of stimulation was capable of inducing visible abductor pollicus brevis muscle contractions in at least 6 of 10 trials . This intensity of stimulation defined the motor threshold (MT). We applied a 1 Hz train of rTMS for 10 min (600 pulses) at 90% of MT over the M1 or 25 mm anterior to the M1. These stimulation parameters are known to alter cortical excitability and behavior (Robertson et al., 2003) . The figure of eight coil (commercially available double 70 mm coil; Magstim) was positioned tangentially to the scalp with the handle of the coil 135°from the midsagittal axis of the participant's head and the coil pointing posterior (Mills et al., 1992) . For sham stimulation, we used a commercially available sham coil that looks identical to the coil used for real stimulation (double 70 mm sham coil; Magstim). The center of this sham coil was placed 50 mm lateral to the Cz electrode position (vertex) from the international 10-20 system, a site that approximately overlies the M1. Sham stimulation was delivered at 1 Hz for 10 min (600 pulses); this was associated with auditory stimulation similar to that induced by real stimulation and some cutaneous sensation. Participants naive to TMS, as all participants were, are unable to differentiate between this form of sham TMS and real TMS.
Data analysis. Only the response times for correct responses were included in the analysis. Any response time longer than 2.7 SDs (i.e., the top 1%) from a participant's mean was removed, as was any response time exceeding 3000 ms. A learning score was calculated by subtracting the average response time of the final 50 random trials from the average response time of the preceding 50 sequential trials. This widely used measure of skill factors out nonspecific influences on response times to give a specific measure of procedural sequence learning (Nissen and Bullemer, 1987; Willingham et al., 1989; Willingham and GoedertEschmann, 1999) . Accuracy in the SRTT is not a useful measure of skill, because even with limited experience, error rates are extremely low (Ͻ1-2%). Skill before the interval (Skill 1 ) was calculated using the final test block of the first session, and skill after the interval (Skill 2 ) was calculated using the first and only test block of the second session (see Fig. 1 A) . The difference (Skill 2 Ϫ Skill 1 ) between these learning scores gave a measure of off-line learning. A Kruskal-Wallis test was used to compare the amount of skill and off-line learning across the experimental groups, and a Mann-Whitney U test used to make planned comparisons between groups. To test for off-line learning within each group, a Wilcoxon signed ranks test was used to compare Skill 1 against Skill 2 . These nonparametric tests were used because some groups had a skill and an offline learning distribution that differed significantly (at the 5% level) from a Gaussian distribution, according to a Lilliefors test. Across the six groups, a repeated-measures ANOVA was used to explore the possibility that sequential response times, which did follow a Gaussian distribution, changed within the retest block. This block was divided into three equal sets of 60 trials. An average response time was calculated for each of these sets, giving a measure of change in response time across the retest block, for each participant in each group. We also used an ANOVA to seek for differences among the groups in participants' MT and free recall of the sequence.
Results
The contribution of the M1 to off-line learning Before the interval, there was no significant difference in skill (Fig. 1, Skill 1 ) across the groups (Kruskal-Wallis test; 2 ϭ 7.709; df ϭ 5; p ϭ 0.173) (Fig. 2) . Twelve hours later, skill was retested (Fig. 1, Skill 2 ) , and a between session change in skill (Skill 2 Ϫ Skill 1 ) was calculated. The effect of stimulation on these off-line changes differed depending on whether the interval extended over the day or overnight (Kruskal-Wallis test; 2 ϭ 14.047; df ϭ 3; p ϭ 0.003) (Fig. 2) . Over-the-day improvements were substantially greater after sham (day/sham) than after real (day/TMS) stimulation to the M1 (Mann-Whitney U test; Z ϭ 2.882; p ϭ 0.004) (Figs. 2, 3) . After sham stimulation to the M1, there were substantial improvements (Wilcoxon signed ranks test; Z ϭ 2.201; p ϭ 0.028), but after real stimulation, there was a slight but nonsignificant decrease in skill (Wilcoxon signed ranks test; Z ϭ 1.782; p ϭ 0.075) (Fig. 3) . In contrast, both overnight groups showed significant off-line learning (Wilcoxon signed ranks test; Z ϭ 3.059; p ϭ 0.002). Overnight improvements after real compared with sham stimulation were not significantly different (Mann-Whitney U test; Z ϭ 1.441; p ϭ 0.18). The improvements either over the day or overnight after sham stimulation did not differ significantly (Mann-Whitney U test; Z ϭ 0.320; p ϭ 0.749). After initial testing, participants in the two overnight groups spent an additional 3.6 h (Ϯ0.2 h; sleep logs) awake before retiring to bed. This interval did not differ significantly between the two overnight groups (unpaired t test; t (10) ϭ 0.450; p ϭ 0.662). These participants then reported sleeping for an average of 6.7 h (Ϯ0.3 h; sleep logs). Both groups reported sleeping for approximately the same length of time (unpaired t test; t (10) ϭ 1.17; p ϭ 0.269). Participants in the over day groups reported spending the period awake performing daytime activities (e.g., studying, eating, and exercising).
These observations show that TMS applied to the M1 is able to block off-line learning over the day but not overnight. Therefore, different mechanisms, differentially involving the M1, are engaged to support over-the-day and overnight off-line learning.
Spatially and temporally specific effect of TMS
The ability of TMS to block off-line learning over the day was both spatially and temporally specific. When the TMS coil was positioned 25 mm anterior to the M1 (day/TMS ϩ 25 mm), there were significant improvements over the 12 h interval (Wilcoxon signed ranks test; Z ϭ 2.201; p ϭ 0.028) (Fig. 3) . These increases were significantly greater than the skill changes observed when the coil was positioned directly over the M1 (Mann-Whitney U test; Z ϭ 2.722; p ϭ 0.006). Similarly, there were significant improvements when the application of TMS over the M1 was delayed by 2 h (day/TMS ϩ 2 h; Wilcoxon signed ranks test; Z ϭ 2.201; p ϭ 0.028) (Fig. 3) , and these improvements were greater than when TMS was applied immediately after the initial acquisition of the finger movement sequence (Mann-Whitney U test; Z ϭ 2.882; p ϭ 0.004). Skill improvements did not differ significantly across this delay group (day/TMS ϩ 2 h), the group that TMS (dark gray box) was applied after initial skill learning (Skill 1 ; session 1; light gray box) and at least 10 h before skill was retested (Skill 2 ; session 2; light gray box). This prevented TMS from affecting the initial encoding (session 1) of the skill or its later retrieval (session 2). The skill difference before (Skill 1 ) and after (Skill 2 ) the interval gave the amount of off-line learning (Skill 2 Ϫ Skill 1 ). We examined the effect of stimulation (real or sham) on off-line learning over the day (8 A.M. to 8 P.M.) or overnight (8 P.M. to 8 A.M.). The temporal and spatially specificity of TMS was examined by stimulating over the M1 2 h (day/TMS ϩ 2 h) after the first session, and in another group, we stimulated 25 mm anterior to M1 (day/TMS ϩ 25 mm). 2 ϭ 6.1; df ϭ 3; p ϭ 0.12). At retesting, skill had significantly increased (Skill 2 ; black boxes) in all but one of the groups; TMS applied to the M1 blocked over-the-day improvements. In contrast, overnight improvements were not affected by stimulation; improvements after sham or real stimulation did not differ significantly (Mann-Whitney U test; Z ϭ 1.441; p ϭ 0.18). The difference between response times to random (square Ϯ SE) and sequential trials (circle Ϯ SE) trials is a standard measure of skill for this sequence learning task (Nissen and Bullemer, 1987) . The random response times did not differ significantly across the groups (ANOVA; F (3, 20) ϭ 0.079; p ϭ 0.97).
received TMS 25 mm anterior to the M1 (day/TMS ϩ 25 mm), or those that received sham stimulation (day/sham) to the M1 (Kruskal-Wallis test; 2 ϭ 0.924; df ϭ 2; p ϭ 0.630). Finally, there was no decrease in sequential response time across the retest block in any of the six groups (ANOVA; F (10,60) ϭ 0.80; p ϭ 0.625) (Fig. 4) .
Sequence recall
Off-line learning can occur over the day and overnight, provided participants recall less than five items of the sequence (Robertson et al., 2004a) . Scoring above this guessing rate led to the removal of six participants from the study (Willingham and GoedertEschmann, 1999) . Only data from the remaining participants is described. On average, these participants recalled 0.7 items in a free-recall test, a score that did not vary significantly across the groups (ANOVA; F (5,30) ϭ 0.802; p ϭ 0.557). Only four participants, only one of whom was in the day/TMS group, recalled even four items of the sequence; most did not recall even a single item.
Cortical excitability
The ability of TMS to specifically block over-day, but not overnight, improvements, cannot be attributed to changes in the susceptibility of the M1 to stimulation at different times of day. Motor threshold, a measure of cortical excitability and susceptibility of the M1 to stimulation (Robertson et al., 2003) , did not vary significantly across the groups (ANOVA; F (3,20) ϭ 0.347; p ϭ 0.792). MT, and several other measures of cortical excitability, also show little diurnal variation (Manganotti et al., 2001; Strutton et al., 2003) . A, Over-the-day, off-line improvements were blocked when TMS was applied to the M1 (TMS). This was both a spatially and temporally specific affect; off-line improvements were not blocked when TMS was applied 25 mm anterior to the M1 (TMS ϩ 25 mm) or 2 h after skill acquisition (TMS ϩ 2 h). B, In contrast, applying TMS to the M1 could not block overnight improvements. After sham stimulation, the amount of off-line learning over the day or overnight did not differ significantly (Mann-Whitney U test; Z ϭ 0.320; p ϭ 0.749). Error bars represent SEM.
Immediate effects of TMS

Figure 4.
Response times of the final 60 sequential response times of the test block (gray bar) and the 180 trials of the retest block divided into three sets (black bars) of 60 sequential response times. There was no significant change in response time across these three sets in either the day/TMS (ANOVA; F (2,4) ϭ 0.76; p ϭ 0.525) or the overnight/TMS (ANOVA; F (2,4) ϭ 1.64; p ϭ 0.301) group. This lack of change in response time was observed across the six groups (ANOVA; F (10,60) ϭ 0.80; p ϭ 0.625). Consequently, as was suggested in a previous study, the retest block was not sufficient to support the acquisition of skill (Robertson et al., 2004a) . Instead, the improvement in sequential response time develops between the test and retest block. There was a significant fall in sequential response time between the final 60 trials of the test block and the first 60 trials of the retest block in the overnight/TMS group (paired t test; t (5) ϭ 3.378; p ϭ 0.02) but no significant fall in the day/TMS group (paired t test; t (5) ϭ 0.349; p ϭ 0.741). There was no difference between the last 60 sequential response times (test block; session 1; gray bar) of the day/TMS and the overnight/TMS group (unpaired t test; t (10) ϭ 0.912; p ϭ 0.383). These observations are consistent with off-line improvements being blocked in the day/TMS group but not in the overnight/TMS group. Error bars represent SEM.
when the two groups were combined (Wilcoxon signed ranks test; Z ϭ 0.28; p ϭ 0.779). At retesting, skill was significantly greater than a naive (i.e., a 0 ms response time difference between sequential and random trials) performance (Wilcoxon signed ranks test; Z ϭ 2.521; p ϭ 0.012). In this and two previous studies, 15 min lapsed between stimulation of the M1 and retesting (Muellbacher et al., 2002; Baraduc et al., 2004) . This should allow sufficient time for the neurophysiological effects of 10 min of 1 Hz TMS to mostly dissipate (Chen et al., 1997; Robertson et al., 2003) , while not giving sufficient time for off-line improvements to develop (Robertson et al., 2004a; Press et al., 2005) . None of these eight participants were able to recall more than four items of the sequence, and participants' recall did not differ significantly between the two groups (Mann-Whitney U test; Z ϭ 0.683; p ϭ 0.495), nor was there a significant difference in MT when it was recorded at 8 A.M. or 8 P.M. (Mann-Whitney U test; Z Ͻ0.1; p ϭ 0.99).
Discussion
TMS applied to the M1 after practice blocks off-line learning over the day. Thus, during the day, a neural circuit that includes the M1 makes a critical contribution to off-line learning. In contrast, when there is an interval of sleep, improvements are not dependent on M1 integrity; TMS applied to the M1 was unable to prevent substantial overnight improvements. Although improvements develop overnight and over the day, the neural circuits supporting these improvements appear to differ. Consistent with these observations are recent functional imaging studies showing that the M1 is not engaged during overnight improvements (Maquet et al., 2000 (Maquet et al., , 2003 . However, the brain areas engaged during off-line learning over the day have not been directly examined, nor has any study contrasted the neural circuits supporting off-line learning over wake and overnight.
The spatial and temporal influence of TMS
The impairment of over day improvements, but not overnight improvements, was a specific effect of TMS. Sham stimulation showed no evidence of preventing over-day or overnight skill improvements. During the day, improvements were only blocked when TMS was applied over the M1 immediately after participants had learned a finger-movement sequence. When stimulation was delayed by 2 h or applied 25 mm anterior to M1, improvements still developed. This demonstrates that the effects of TMS on off-line learning were both temporally and spatially specific. A previous study achieved a similar spatial specificity when TMS was used to block the stabilization, as opposed to the offline improvement, of skills. In accord with previous behavioral studies ( Brashers-Krug et al., 1996) , it showed that at least 6 h is required for the stabilization of skills (Brashers-Krug et al., 1996; Muellbacher et al., 2002) . In contrast, the off-line development of skill appears to receive critical support form a network that includes the M1 for at most 2 h. Improvements may take at least 4 h to develop; consequently, only the first couple of hours of this process appears to be critically dependent on a network that includes the M1 (Press et al., 2005) .
The effects of stimulation are unlikely to be restricted to the M1. Combined functional imaging and TMS studies have demonstrated that a distributed circuit of brain areas is activated by stimulation (Paus, 1999) . Applying 1 Hz TMS for 15 min to the M1 activates a circuit of brain areas (Siebner et al., 2003) . Even the effects of 10 min of stimulation are unlikely to be restricted to the M1. Consequently, when TMS is applied to the M1, a circuit of brain areas, including the M1, is disrupted. This circuit appears to make a critical contribution to the development of off-line improvements over the day but not overnight.
Possible contamination from skill acquired during practice
Our results cannot be explained by skill being acquired during retesting. Skill learning during the retest block would be expected to cause a decrease in the response time of the sequential trials. However, there was no significant change in sequential response time across the retest block in any group (Fig. 4) . Furthermore, there was also no skill increase with an interval of only 15 min between testing and retesting sessions (Robertson et al., 2004a ). An improvement, therefore, is not an obligatory consequence of performing the retest block.
Participants' recall of the sequence A participant's awareness of the sequence cannot explain our results. Improvements occur over the day provided participants have little awareness of the sequence (Robertson et al., 2004a) . In this study, any participant who recalled more than four items of the 12-item sequence was removed from additional analysis. Consequently, all participants had a rate of recall that was substantially beneath the rate of recall (eight items) associated with exclusively overnight improvements (Robertson et al., 2004a) . Furthermore, the rate of recall did not differ significantly across the groups.
Memory stability and enhancement
Typically, TMS exerts its influence on behavior by disrupting ongoing neurophysiological events; when the disruption dissipates, so do the behavior changes associated with stimulation (Robertson et al., 2003) . However, by disrupting a memory, TMS is able to affect performance long after its primary neurophysiological affects have dissipated (Muellbacher et al., 2002; Baraduc et al., 2004) . After skill acquisition, stimulation over the M1 can return performance to a naive level (Muellbacher et al., 2002) . This implies that some procedural memories are fragile immediately after their encoding. This, however, is only true for some memories (Robertson et al., 2004b) . For example, the sequence learning task used in this study shows little evidence of fragility after encoding (Goedert and Willingham, 2002) . Consistent with this lack of fragility, stimulation did not return skill to a naive level; instead, there was no significant difference between skill at testing and retesting 15 min later. Similarly, skill at producing accurate finger movements in a force field remains unchanged between testing and retesting, despite stimulation of the M1 immediately after skill acquisition (Baraduc et al., 2004 ). In the current study, similar insignificant skill changes, between testing and retesting, were observed at both 8 A.M. and 8 P.M. Consequently, there is little evidence that TMS has a differential impact on the stability of a procedural memory when applied to the M1 at 8 A.M. or 8 P.M. Nonetheless, stimulation is able to block over the day but not overnight skill improvements.
Sleep and TMS
The possible effect of TMS on sleep, although an interesting and important question, cannot explain our observations, because similar overnight improvements developed after sham and real stimulation. Consequently, any effect that TMS may have had on sleep architecture did not impact on the overnight skill improvements. It appears unlikely that stimulation would have an effect on sleep architecture. A few studies specifically designed to examine this issue failed to find any substantial changes in sleep architecture after the application of TMS (Cohrs et al., 1998; Graf et al., 2001) . Furthermore, in our study, participants in the two overnight groups spent on average 3.6 h awake before sleep. This gave sufficient time for the primary neurophysiological effects of TMS to dissipate, making it very unlikely that TMS was able to influence the following night of sleep (Robertson et al., 2003) .
The overnight groups did not examine the effects of sleep in isolation. On average, participants spent 6.7 h of the 12 h interval asleep. In contrast, members of the over-day groups reported spending the 12 h engaged in daytime activities. Stimulation over the M1 prevented off-line improvements in the later but not the former case. Determining whether the M1 made a critical contribution to off-line learning and whether this contribution was altered over day or overnight was the aim of this study. Our observations suggest that a network of brain areas including the M1 does make a critical contribution to off-line learning over the day but not over a night of sleep. The duration of overnight sleep and the onset of sleep relative to the time of stimulation may be important factors influencing this differential affect of stimulation. Examining these issues was not the purpose of this study, nor would it allow us to distinguish between two possible explanations for our observations.
Two possible explanations
Practice may not produce just a single representation. Instead, there maybe multiple representations, each coding for different aspects of a sequence (Verwey and Wright, 2004) . For example, one representation may code for the movement, whereas another may represent the goal of the movement (Grafton et al., 1998) . Applying TMS to the M1 may disrupt one of these representations, yet others may remain. These additional representations could be processed off-line to produce between-session improvements. These other representations may only be available for off-line processing overnight. Enhancing these representations may require chemical or physiological changes that only occur during sleep (Hobson and Pace-Schott, 2002) , or these enhancements may be conditional on circadian factors that occur overnight.
Another possibility is the brain-state changes that occur overnight may allow the representation originally disrupted by TMS to be reformed. For example, during sleep, the corrupted memory may be reorganized, allowing relevant associations to be strengthened and the memory to be salvaged (Fenn et al., 2003) . Once the representation has been "recovered," it would be available for off-line processing and so could support the development of overnight improvements.
Common to these explanations is that a procedural memory is disrupted by stimulation. Yet, the skill expressed before and immediately after stimulation is similar. A disrupted memory could take many forms. Here, perhaps, the disruption prevents the memory from being enhanced but does not alter the propensity to express skill.
These results provide insight into the organization of consolidation. Multiple processes are engaged during consolidation so that a memory can be stabilized or enhanced (Robertson et al., 2004b; Walker, 2005) . Our results show that even skill enhancement is not a single process; instead, different mechanisms, the engagement of which are modified by brain-state changes over day and overnight, can support similar off-line improvements. One of these mechanisms, which operates over the day, is mediated by a network of brain areas including the M1. These results demonstrate that this network is not only critical for skill acquisition, during practice, but it is also critical to the development of skill when practice has ceased (Sanes and Donoghue, 2000) . However, this network is only critical to off-line learning over the day, not over a night of sleep.
